Dental computed tomography (CT) is a diagnostic examination for the preoperative evaluation of patients who will undergo placement of oral implants. It can be performed with multidetector CT or more recently with cone-beam CT. The growing older population and the consequent development of edentulism have increased the number of imaging studies performed for preoperative evaluation of dental implantation. Thus, radiologists are becoming more frequently involved in this type of testing. Dental CT is superior to conventional x-ray techniques because superimposition and distortion are eliminated; therefore, possible complications such as injury of the neurovascular bundle and perforation of the maxillary sinuses can be avoided. This noninvasive and fast method provides accurate information about the positions of important structures to allow one to determine the implant required. Dental CT enables analysis of the state, quality, and quantity of bone on two-dimensional and three-dimensional reformatted images, and its high spatial resolution allows exact measurements of the length and width of the alveolar ridge. Inclusion of all this information in the radiology report facilitates achievement of a successful implantation. 
■ Discuss the important anatomic features and bone requirements for placement of a dental implant.
■ Describe the multidetector CT protocol and postprocessing techniques for preoperative evaluation of dental implantation.
■ List the information to be included in the radiology report for successful placement of dental implants. 
Introduction
Partial or total edentulism is not only a cosmetic impairment but may substantially affect oral and general health as well as overall quality of life. Self-esteem, speech, and dietary intake are affected. It may also disturb food preference and taste with further poor consumption of dietary fiber. Alterations in dietary intake have been suspected to possibly increase the risk of cardiovascular disease and even cancer (1) (2) (3) (4) .
According to the World Health Organization, complete or partial absence of natural teeth is a public health problem with potential poor outcomes. It is a global issue, and the aging demographics indicate an increasing number of cases in the near future. Nowadays, approximately 30% of adults aged 65 years and older are edentulous. This figure is even higher for those living in poverty. Although the prevalence of complete or partial edentulism throughout the world is tending to decline (eg, from 46% 20 years ago), approximately 180 million Americans were affected by partial or complete edentulism in 2003 and about 9% of Canadians aged 15 years or older were edentate (total absence of teeth) (5, 6) . The estimated prevalence of edentulism in Mexico among the elderly is 30.6% (7) .
Another factor associated with dental loss and mandibular bone resorption is osteoporosis, which deteriorates the mechanical function of mastication and thus creates a vicious circle. Likewise, dental loss and loose bridges or partial dentures impair proper masticatory forces that normally stimulate bone renewal, leading to osteoporosis of the alveolus (8) . Prosthetic rehabilitation with osseointegrated implants supports the distribution of charges through mechanical propagation in a way similar to the physiologic patterns and has become the alternative of choice to a comfortable and functional denture.
Radiographic evaluation is essential for assessing bony support for endosseous dental implants. Several intraoral and extraoral radiographic methods such as periapical, occlusal, panoramic, and motion tomography are commonly available for evaluation of the implant recipient site, but the information is based on bidimensional geometric projections (9) . Some of the drawbacks of these techniques include superimposition, poor visualization of other anatomic structures, and distortion (10) . There might be discrepancies in measurements compared with those from volumetric methods such as multidetector computed tomography (CT) or cone-beam CT, especially if the site of interest is less than 15 mm high.
Nowadays, the most accurate technique for preoperative evaluation of dental implantation is dental CT. Dental CT can demonstrate the quantity of bone in three dimensions, the location of important adjacent anatomic structures (eg, mandibular canal, dental inferior nerve, incisive foramen, mental foramen, maxillary sinus), and the quality of available bone with minimal geometric distortion (10) . , apical foramen (4), alveolar process (5), dentin (6), gingival margin (7), enamel (8) , and periodontal ligament (9) . The pulp is made up of vessels and nerves, which enter through the apical foramen. The alveolar processes are extensions of the maxilla and mandible that support the teeth. Dentin makes up the bulk of the tooth; it is covered by enamel on the crown and cement on the root. Enamel makes up the anatomic crown; it is the hardest material in the human body, incapable of remodeling or repair. The periodontal ligament is dense fibrous connective tissue that connects the tooth to the alveolar bone. (b) Corresponding CT image shows the crown (1), pulp (3), apical foramen (4), alveolar process (5), dentin (6), enamel (8) , and periodontal ligament (9) .
In this article, we define the normal anatomic landmarks and terminology used in preoperative evaluation for dental implantation, describe the technique of dental CT and postprocessing methods, illustrate the most important findings and measurements, and show incidental dental pathologic conditions. Finally, we discuss how this information is transferred to the radiology report.
Anatomy and Terminology
Permanent dentition appears between 6 and 21 years of age and consists of two incisors, one canine, two premolars, and three molars in each quadrant of the mouth (32 teeth total) (Fig 1) . The standardized terminology used by dentists to locate and designate a tooth in the dental arch is based on numbers divided into quadrants, terminology that the radiologist must know. There are different numbering methods; the most common and practical starts from the right side of the maxilla (last superior molar) and goes to the left upper quadrant (numbers 1-16), then continues from tooth number 17 in the posterior left side of the mandible to tooth number 32 in the posterior right side, forming a bow numeration or a circle out of the maxillary and mandibular arches. For example, tooth number 4 corresponds to the superior right second premolar.
The alveolar bone is the V-shaped bone containing the tooth sockets. The cement and the lamina dura are the strongest structures of the tooth and the cortical bone of the alveolus, respectively; the periodontal ligament attaches them (Fig 2) . The neurovascular bundle enters the tooth at the root apex via the apical foramen. Dentin covers the pulp and is considered the living, growing part of the tooth from which enamel is produced. Enamel is the hard outer part of the tooth that is mineralized and forms the outer cover of the visible crown (11) . In x-ray techniques, such as conventional radiography, cone-beam CT, and multidetector CT, the enamel is the most opaque layer of the tooth, located in the upper part, followed by the dentin. The pulp and root canal in the central portion of the tooth appear less opaque. The periodontal ligament is generally not demonstrated at CT; therefore, an area of lucency around the teeth should alert one to a possible pathologic condition (Fig 3) .
In regard to the mandible, it is important to depict the location of the inferior alveolar nerve or dental nerve, a branch of cranial nerve V3. It enters the mandible via the mandibular foramen, runs within the mental canal (either in the midline or at either side of the mandible) containing the inferior alveolar nerve and vessels, and exits the canal at about the level of the second premolars via the mental foramen (Fig 4) (11) . The surgeon needs this information to avoid compression or sectioning of the nerve and to place fixtures in the optimal position (Fig 5) .
The main arterial supply to the floor of the anterior mandible and gingival mucosa is the sublingual artery. This artery and its branches en- ter the mandibular foramen and accompany the inferior dental nerve but do not exit through the mental foramen. A lingual vascular canal larger than 1 mm is more prone to hematoma formation (12) .
Finally, other important dental anatomic terminology is described in Figure 1 . . (a, b) Cross-sectional CT images of the mandible show the right and left mental foramina (curved arrow, images 38 and 58). The images were reformatted along the numbered perpendicular lines shown in c, which are based on the superimposed curves placed in an axial image at the level of the roots of the teeth or along the contour of the maxilla or mandible. Measurement of the inferior alveolar canal (arrowhead in a) has to be performed from the superior border of the alveolar canal to the alveolar ridge, which is slightly concave. Straight arrows in a = markers placed by the dentist. 
Dental Scanning
In presurgical assessment of a potential implant site, the state and quality of the bone are among the most important criteria for the surgeon. Evaluation of bone support, mass, and height can be achieved with a variety of imaging modalities. A conventional x-ray technique, such as periapical, occlusal, and panoramic radiography, is a simple, low-cost, and still frequently used method, but the information provided might be insufficient. Geometric distortion occurs in about 25% of studies, since the plane parallel to the beam superimposes structures. In addition, this method cannot demonstrate opacity differences of less than 10% and does not provide details about the adjacent anatomy (9) .
High-resolution dental CT (13, 14) can generate panoramic, cross-sectional, and three-dimensional reformatted images of the alveolar bone and adjacent structures (Figs 5, 6), providing accurate information about bone height and width of the alveolar ridge to determine the alternatives for dental implantation. The advantages of dental CT include elimination of superimpositions. It also allows distinction of opacity differences between two tissues (ie, contrast resolution), and further image projections or planar reformations can be performed (9) . Dental CT can be achieved with multidetector CT or more recently with cone-beam CT (15) (16) (17) (18) .
Indications and Contraindications
The most relevant indications for dental CT in preoperative evaluation of dental implant placement (listed in order of importance) are as follows: (a) assessment of height and thickness in cases of alveolar bone atrophy (19) ; (b) assessment of the positions and states of the structures critical for adequate implant placement (eg, inferior alveolar canal, location of the neurovascular bundle and the incisive and mental foramina, pneumatization of the maxillary sinus, floor of the maxillary sinus, nasal fossa); (c) diagnosis and treatment in maxillofacial surgery; (d) examination after placement of implants and bone grafts; and (e) evaluation of bone resorption and root retention, as well as lesions of the facial skeleton. The main contraindications include claustrophobia, Parkinson disease, tremors and tics, and disabling conditions that might cause a patient to be uncooperative.
Data Acquisition and Postprocessing
The information presented herein was obtained between January 2002 and May 2008 from 441 dental studies performed in patients who were referred for preoperative evaluation for dental implant placement. The studies were performed with a four-or 64-row multisection CT scanner. Imaging was performed with the patient supine and with the head centered and immobilized by using a jaw strap or sponge pads on each side of the temporal region. Patients were instructed not to move, swallow, or chew during the acquisition process. An anatomic buccal protector was used opposite to where the implant would be placed to allow separation of the adjacent tooth crowns.
Data acquisition was performed parallel to the alveolar crests to allow better orientation of the cross-sectional images, since different transaxial planes may cause incorrect height measurements of the bone for implant placement (15) . Axial images were obtained with the following parameters: detector coverage of 40 mm per rotation, 512 × 512 matrix with a 16-cm field of view, section thickness and separation between sections of 0.6 mm (64-row scanner) or 1.25 mm (four-row scanner), low pitch of 0.516:1, and rotation time of 0.35 seconds (64-row scanner) or 0.6 seconds (four-row scanner). Initially, two reconstructions were performed: one with a standard filter and one with a bone filter. Both sets of images were processed with dental software to create panoramic and sagittal oblique (cross-sectional) reformatted images of the maxilla and mandible (20) .
One of the drawbacks of multidetector CT is radiation dose, which has been an issue of concern. Several factors including section thickness, intersection interval (pitch), kilovoltage, and milliamperage must be considered during the examination. The magnitude of the biologic risk of diagnostic x-ray studies depends on the radiation and dose rate, the volume and radiosensitivity of the tissue, and patient characteristics, primarily age (21,22). Although most of the edentulous population is older than 40 years, there might be younger patients who require dental restoration, mostly due to trauma. Highly radiosensitive organs are near the area of exposure, such as the thyroid gland, parotid gland, bone marrow, and lens of the eye (23) .
Effective radiation dose can be reduced without loss of anatomic detail by using low kilovolt peak and milliamperage settings. We use two different techniques: If the patient has few or no amalgams, dental fillings, or prostheses that could cause artifacts due to metal, we usually use a tube potential of 100 kVp and tube current of 200 mA. However, if the patient has many restoration amalgams (most common situation), we use a tube potential of 120 kVp and tube current as high as 350 mA (average, 300-310 mA) with automodulation; the total effective dose can range from less than 1 mSv to 2-4 mSv. In addition, a sequential acquisition (ie, step-and-shoot technique) and a low-dose protocol as described by Suomalainen et al (24, 25) can be used to further reduce the effective radiation dose.
On the other hand, although cone-beam CT has been in use for almost 2 decades, affordable systems have become commercially available only recently. Therefore, cone-beam CT has emerged as a low-cost and low effective radiation dose imaging tool for three-dimensional craniofacial exploration (15) . Cone-beam CT scanners are based on volumetric tomography and use a collimated, narrow, cone-shaped x-ray beam instead of the fan-shaped geometry of multidetector CT. Image data are recorded during a single 360° video scan in which the x-ray source and a reciprocating two-dimensional detector synchronously move around the patient's head (15) . Some of the advantages of cone-beam CT are isotropic voxels with a spatial resolution of 0.125-0.4 mm and a more restricted field of view that limits the radiation dose with detector array sizes of 4-22 cm (15, 16) . Typically, the total data acquisition is performed in 10-70 seconds with a mean effective radiation dose of 36-50 µSv, a value equivalent to that of four to 15 panoramic radiographs (15) (16) (17) .
In summary, both multidetector CT and electron-beam CT are volumetric imaging methods that can be used in preoperative evaluation for dental implant placement. The main difference between these methods is that multidetector CT provides higher contrast-to-noise and signal-to-noise ratios than cone-beam CT but at the expense of higher radiation exposure. However, low-dose multidetector CT protocols (tube potential of 100 kV) with use of sequential acquisitions rather than the helical mode may significantly reduce the effective radiation dose.
Once the axial images have been obtained, the dental software program is performed on a dedicated workstation. The raw data from the axial sections are used to create (a) superimposed curve images (curved planar reformation), (b) panoramic images, and (c) sagittal oblique images.
Superimposed Curve Images.-Initially, a curve is superimposed on one of the axial images of the maxilla or mandible, thus defining the plane and location for reformation of the panoramic and sagittal oblique images. The axial image must be obtained approximately at the level of the tooth roots; in patients with edentulism, it should be obtained where the gum of the mandible or maxilla is shown completely (23) . The curve is obtained by positioning several contiguous points throughout the center of the mandible or maxilla by using the pointer of the workstation console; the program connects the points shown on the curve (23) (Figs 5, 6 ).
The perpendicular lines marked along the superimposed curve indicate the positions of the sagittal oblique reformatted images on the axial section and the levels of the reformatted images, thus providing data on the height and depth of every image. The numbering of these lines starts in the right posterior zone and ends in the left posterior zone. Such parameters may vary slightly from program to program (26) (Figs 5, 6 ).
Panoramic Images.-The panoramic images are created on the basis of the superimposed curve, which is labeled with the letter M (for midline) in the left upper quadrant (Fig 6) . From this reformation, four images are displayed from back to front on either side of the midline, for a total of nine images with a section thickness of 1 mm and a 1-mm interval. The first four images (ie, those posterior to the midcurve, which is labeled M5) are labeled L1-L4 (L for lingual relative to the maxilla or mandible) (Figs 6, 7) . The last four images (those anterior to the center) are labeled B6-B9 (B for buccal relative to the maxilla or mandible) (27) .
Sagittal Oblique Images.-The sagittal oblique images are the most representative and important images in dental CT, since the shape, angulation, and measurements of height and thickness of the alveolar bone are determined on the basis of these images (20) . They allow the surgeon to define the optimal fixture lengths required to engage the cortical bone and the remaining distances from vital structures. These images are obtained from multiple 1-mm-thick sections with a 2-mm interval that are orthogonal to the superimposed curve (M5) (Fig 5) . The images are numbered from right to left, and 100 images are typically generated (Figs 5, 6 ) (28).
Radiology Report
The radiology report must be complete and comprehensive. In summary, the bone density and the width and height of the alveolar process are included, as well as the integrity of underlying anatomic structures, faulty positions of dental structures, retained dental roots, abscesses, benign or malignant bone lesions, and incidental findings.
First, the radiologist evaluates the density and overall health status of the mandible or maxilla. A dense bone allows better osseointegration; therefore, the quality (density) and quantity (height and width) of the alveolar bone must be assessed to choose the best implant size and placement technique for the patient. Implant performance is closely related to load transmission at the boneimplant interface; decreased size and density of the alveolar process are associated with higher failure rates (Fig 8) . After edentulism, mineral loss from the cancellous part of the alveolar bone occurs before loss of crest height (9) ; that is, resorption first affects bone width and later bone height, except in the posterior zone of the superior maxilla, where atrophy predominantly affects bone height (27) . The grade of resorption influences the size of the implant to be placed. The changes in bone quality (density) of the alveolar process influence its load-bearing capacity. Several scales have been used to determine bone quality. The most representative are shown in the Table (29) (30) (31) (Fig 9) .
All contours, dental extractions, maxillary sinus disease (Figs 7, 10, 11 ), periodontal disease (Fig 10) , retained dental roots, abscesses, and cysts (Fig 3) are included in the report. Surgical changes (Figs 7, 8, 10 ) and abnormalities such as torus palatinus or torus mandibularis must also be reported.
Partial or complete absence of teeth (edentulism) and the locations of partial edentulism are described. Measurements are obtained approximately every four sagittal oblique images (with a 2-mm space between images) in the areas of interest. To decrease the probability of dental implant failure, it is estimated that the bone implant site needs to be at least 9 mm high and 5 mm wide (25) . In addition, the minimum required distance from the implant to the adjacent cortical bone is 1 mm; the minimum required distance from the implant to contiguous dental or implant pieces is 1.5 mm (27) .
Bone Quality Indexes
Cawood and Howell (29)* Grade 1 corresponds to dentate bone Grade 2 occurs immediately after tooth extraction; the alveolar crest is mostly retained with a rounded shape Grade 3 is a rounded crest; both height and width are preserved the sagittal oblique sections show the distance between the bone crest and the nerve before it reaches its end in the mental foramen (for measurements distal to the mental foramen) (28) . The height of the mandibular bone or of residual teeth distal to the mental foramen (premolars and molars) must be measured from the uppermost section of the alveolar canal to the uppermost portion of the alveolar process (bone crest) (Fig 5) (28) . The bone thickness (vestibule-lingual distance) is measured as the area of minimal disposable bone that will limit the size of the implant. The measurement is made at the uppermost portion of the alveolus from the vestibular (facial or buccal) surface to the lingual cortical surface. Figure 11 . Alveolar bone atrophy of the maxilla according to the classification of Cawood and Howell (29) . (a) Crosssectional oblique CT images show grade 2 atrophy. The width and height of the alveolar ridge at the level of the premolars and premaxilla are preserved. The measurements were performed at the level of markers placed by the dentist (arrows). (b) Cross-sectional oblique CT images show vestibulopalatine atrophy with a knife edge (grade 4) (images 21 and 22). (c) Cross-sectional oblique CT images show severe bone atrophy (grade 6) due to a long period of dental loss. The decreased height and width of the alveolar ridge (arrows) are associated with depression and even destruction of the basilar bone (arrowheads). A chronic inflammatory process at the floor of the maxillary sinus is also evident.
Sagittal oblique images obtained in the inferior mandible must display the path of the mandibular canal and the inferior alveolar neurovascular bundle inside the canal to avoid lesions during implantation. To accomplish this, the measurements must be obtained in a parallel plane from the superior border of the inferior alveolar canal to the alveolar ridge (Fig 12) . The canal is often seen as an oval, thin rim of dense cortical bone around the nerve. The measurements have to be obtained approximately as far as the level of the canines, since the nerve ends in the mental foramen, which is usually at the level of the canines; these measurements do not apply to the area mesial to the mental foramen.
When studying the path of the inferior dental nerve in the mandibular canal for the collocation of implants, radiologists usually place the reference plane parallel to the inferior ridge of the horizontal mandibular branch. As a result, In general, if this measurement is smaller than 4 mm, it will be reported as vestibulolingual atrophy (Fig 12) (27) .
At the mesial (anterior) level of the maxilla, the measurements are made from the alveolar crest to the floor of the nasal fossa, thus preserving the nasopalatine canal. The height of the bone in the posterior region is measured from the floor of the maxillary sinus to the inferior alveolar ridge. The width is measured in the same way as in the mandible, from the inner vestibular cortical border to the inner palatine cortical border. Images that show the incisive and mental foramina are noted (Figs 7, 10, 11 ). The chart of measurements is added to the radiology report for preoperative verification (22) .
The transfer of dental examination data to the patient is simplified by use of dental radiography markers in the form of a removable transparent acrylic device, which is fixed above the alveolar crest and between the remaining teeth. With this method, the radiologist may aid the dentist by providing clear, detailed information about the zone of interest. The device is manufactured by the dentist using a mandibular or maxillary impression that contains radiopaque markers, usually of gutta-percha. The markers must be 1-2 mm in diameter with a vertical orientation, with no mesial or distal inclination. Ideally, the markers are fixed to the gingival surface and placed inside the buccal sulcus. The markers appear as radiopaque structures on the axial, panoramic, and sagittal oblique images. The canine must be identified as a mesial orientation point of the markers. On sagittal oblique images, the gutta-percha markers indicate the exact location planned for placement of the implant, with the bone height and thickness measurements of the alveolus shown on the images (Fig 11) .
Dental Implants
Dental implants are composed of titanium, which fuses with the jawbone by means of growth of osteoblasts, a process called osseointegration. The implant and the bone are allowed to bond, and the implant is imbedded in the edentulous area to provide anchorage for a dental prosthesis. A dental implant has a cylinder or screw configuration and functions as the root of a tooth (Fig 13) .
The success rate of implant integration depends on the length of the implant-the longer the better. The implant being placed must be as long as the height of the bone and as long as the structure of the implant allows it to be, since maximum mechanical and contact area for osseointegration is the final goal (28) . If there is significant atrophy, augmentation of the available bone (cortical expansion, sinus elevation, bone graft, anchorage of the implant to another site specifically in the pterygomaxillary or malar region) is considered (Figs 7, 14, 15) .
Other factors important to a good dental implant outcome include ensuring that the bone is adequate and that there is no periodontal disease. In addition, the patient must practice good oral hygiene and avoid irritative factors such as smoking (32) .
A lost tooth is replaced with an implant, and two teeth are replaced with two implants. However, three or more lost teeth do not necessarily require replacement of each tooth with an implant if the quality and quantity of bone available are adequate. The surgeon might place two implants on the ends with a crown in the middle. A complete arcade, which normally has 16 natural teeth, can be replaced with six or eight implants.
Most implants are placed by using a two-step process. The surgical technique used is to place the implant at the level of the alveolar crest and cover it with the gum; the implant is uncovered 3 or 6 months later if there is enough bone. Nevertheless, in the most commonly used technique, the implant is left uncovered and the space is filled with a provisional crown, which may or may not have immediate load (contact with the antagonist teeth). When dental implants are placed simultaneously with a cancellous bone graft and membrane, the waiting time to uncover them to allow good osseointegration is up to 8 months. If elevation of the maxillary sinus floor is required, this process has to be performed 6-8 months before implant placement. In the second stage, the fixtures of the implants are uncovered and checked for adequate osseointegration and the abutments are placed, thus allowing the prosthetic crown to be placed above the level of the gingiva (Fig 15) .
Dental implants might fail because of infection, use of substandard fixtures, premature load put on the implant, and insufficient bone quality or nerve impingement (Figs 8, 10) . In most cases, shortcutting the diagnostic phase by using only standard two-dimensional x-ray methods is an unnecessary risk taken by the surgeon, since with dental CT the three-dimensional questions about the exact positions of vital structures as well as the state of the bone can be answered in just a 3-minute exploration.
The anatomy and pathologic findings observed during preoperative evaluation for planning of dental implant placement are shown in Figure  16 .
Conclusions
The introduction of osseointegrated implants for the rehabilitation of edentulism allows the patient to be treated in a practical manner, giving the patient a functional and aesthetic alternative. Nowadays, most maxillary surgeons use dental CT for preoperative evaluation to avoid complications. This method is superior to conventional x-ray techniques, since superimposition and distortion are eliminated. This noninvasive and fast method provides accurate information about the positions of important structures to allow one to determine the implant required. Dental CT enables analysis of the state, quality, and quantity of bone on two-dimensional and three-dimensional reformatted images, and its high spatial resolution allows exact measurements of the length and width of the alveolar ridge.
